Abstract: Both the chemicals and mechanical stress can reduce the scattering of tissue or background noise, which enhances the ability of optical biosensing. This presentation summarizes the principles and applications of tissue optical clearing.
Introduction
Biomedical photonics is currently one of the fastest growing fields of life science connecting research in physics, optics and electrical engineering coupled with medical or biological applications. It allows structural and functional analysis of tissues and cells with unattainable resolution and contrast by any other methods. However, the major challenges of many biophotonics techniques are associated with the need to enhance detecting resolution even further to the sub-cellular level as well as translate them for in vivo studies. Advanced optical methods combined with the various contrast agents pave the way towards real molecular imaging within living cells. However, the high scattering of turbid biological tissues limits the penetration of visible and near-infrared light, and the image blurs, both the detecting resolution and contrast decrease as light propagates deeper into the tissue [1] [2] .
To obtain the information from deeper tissue layers, several optical imaging techniques have been developed. For instance, the limit of imaging depth to 100 µm was broken with the invention of the multiphoton microscope. Combination of multi-photon fluorescence excitation with very high collection efficiency increased the depth of imaging in scattering samples up to 2 mm. A multimodal molecular imaging technique has been introduced that combined light absorption with acoustic detection (thus termed photoacoustics) that further increased imaging depth up to a few centimeters. Alternatively, reducing scattering and absorption of tissues could also significantly enhance biosensing at tissue optical clearing [1] [2] [3] [4] .
Tissue optical clearing (TOC) method, using impregnation of tissues by optical clearing agents (OCAs), that reduces the scattering of tissue and make tissue more transparent was recently proposed for in vivo applications [1] . It is well known that tissues are densely packed with many types of substances, including the scatter particles with higher refractive index, i.e., collagen, elastic fibers, cells and cell compartments, and surrounding media with lower refractive index, i.e., interstitial fluid and cytoplasm. This architecture makes light travel at different speeds and angles because each component has different refractive index. Typical OCAs usually have high refractive index and, thus, penetration of OCAs into the extracellular space matches the refractive indices of the scatters and the surrounding media, and then lead to reduction of the light scattering. Most of OCAs are hyperosmotic, thus dehydrate tissues reversibly and make tissue more homogeneous for some time interval during OCA application. Both processes lead to significantly enhanced biosensing as light penetrates deeper into the tissue [1] [2] [3] [4] . In addition, optical clearing due to mechanical stress is developed recently that maintains stratum corneum integrity, creates localized effects, and may exhibit fast rates of optical clearing [1, [5] [6] [7] [8] [9] , which has shown to increase imaging resolution and contrast [1, [5] [6] [7] . If the chemicals induced tissue optical clearing is an exogenic method, the mechanical stress is an endogenic method.
In this presentation, we will introduce the TOC techniques by immersion liquid or mechanical stressing. And the applications of TOC will be summarized.
Immersion optical clearing
The chemical optical clearing method is realized by application of higher refractive indices and higher osmolality optical clearing agents (OCAs), represents a promising approach for increasing the imaging depth for optical techniques, such as linear and nonlinear spectroscopies, optical coherence tomography, and confocal microscopy. Water solutions of glycerol, glucose, ethylene glycol, polyethylene glycol, propylene glycol, polypropylene glycol and some others are used as OCAs for in vitro and in vivo studies [1] [2] .
The diffusion of optical clearing agents into tissues will match the refractive indexes of tissue components with extracellular fluid thus reducing the scattering of tissue. This was regarded as the major mechanism of tissue optical clearing [1] [2] . However, in vitro experiments demonstrated that optical clearing efficacy of skin did not correlate with refractive indices of OCAs, but with molecular structure of OCAs [10] , which was further supported by molecular dynamics simulation [11] . Furthermore, additional issues such as dissociation of collagen fibers [11] and tissue dehydration [12] caused by OCAs have been proposed to clarify mechanism of TOC based on experimental results. However, for in vivo tissue optical clearing, only the thickness of dermis and diameter of collagen fiber were reduced, but there was no dissociation of collagen fiber as observed during in vitro skin optical clearing studies [13] . Different views on the mechanisms of optical clearing are likely due to different experimental protocols and techniques as well as difference in studied clearing agents and the complex of mechanical and chemical properties for different tissues. Summarizing up, it is clear that the mechanisms of TOC could be due to multiple factors: OCAs increase the refractive index of interstitial fluid and enhance refractive indices match among of various substances in tissue; hyperosmotic agents induce dehydration of tissue and decrease the thickness of tissue; molecular dynamical reactions between tissue and OCAs cause dehydration of tissue or change tissue structure temporarily. Since the structure and components of tissues or OCAs different, TOC process could also be different.
Based on discussed above, the TOC efficacy depends not only on the type of OCA but also on its treatment time. The longer time tissue is immersed, the more transparent tissue becomes. Sometime, it needs several weeks, even several months to make a mouse brain transparent when it immersed into an OCA like Scale [14] . Comparing with other soft tissues, it is more difficult to induce skin clearing by topical treatment with OCAs because the barrier function of stratum corneum restricts the penetration of OCAs into the dermis. Even though the direct exposure of skin dermis to OCAs or dermal injection of OCAs can also make skin clear, it is difficult for OCAs at low concentration to produce good skin optical clearing efficacy, while OCAs at high concentration could induce edema, suppuration, or even scarring. In order to develop effective and safe way to breach the SC integrity and accelerate the permeability of OCAs into dermis, various physical methods and chemical penetration enhancers were used to enhance the delivery of OCAs into tissue, which improves the tissue optical clearing efficacy [1, [15] [16] [17] .
Mechanical optical clearing
For the tissue optical clearing method caused by delivering exogenous hyperosmotic chemicals, the dehydration is an important mechanism [12] . And other nonchemical techniques for water redistribution, such as application of mechanical compression should also induce tissue optical clearing, which has been proposed recently [1, [6] [7] [8] .
Localized mechanical compression can also induce an optical clearing effect in tissue. As tissue is compressed, water and blood are displaced laterally from regions undergoing high compressive strain (relative thickness change), decreasing local water volume fraction and thus reducing refractive index mismatch between constituents and lowering scattering and absorption. Comparing with the immersion optical clearing with exogenous OCAs, the mechanical optical clearing is a safe and noninvasive alternative because no foreign material is delivered to the tissue. Moreover, the stratum corneum is undisturbed, so the barrier function of stratum corneum and epidermis is maintained. Such a technique may circumvent the drawbacks of chemical optical clearing and provide a fast controllable technique to enhance the light penetration in the tissue [6] [7] [8] .
It should be noticed that mechanical tissue optical clearing is mainly from the probe contact pressure [9] . With the development of the research, some specialized devices were developed. Besides uniform compression over a large area of tissue, other works used local mechanical compression to induce smaller (∼1mm 2 ) compression zones, creating higher local pressure gradients within the compressed tissue. Tissue Optical Clearing Device (TOCD) consist of an array of pins within a chamber was an effective tool. Light may be delivered through these pins for either diagnostic or therapeutic applications. Vacuum pressure is applied to stretch the tissue between the pins, creating a reaction force that compresses the tissue beneath the pins, increasing light transmission [6, 7] .
Optical clearing enhances biosensing
Furthermore, many new original studies are elaborated using immersion optical clearing in combination with microscopy imaging, ultramicroscopy, etc., which have demonstrated a great power not only for tissue structural and functional imaging with higher resolution. Chiang's group introduced a kind of OCAs called FocusClear [18] . By direct immersion of a 500 μm tissue section in the solution, the biological structures, including animal and plant cells and organisms can become transparent. Combined with fluorescence label and LSCM, it allows one to visualize the microstructure and vascular net-work with subcellular-level resolution, and then obtain 3D visualization of microvasulature. With the development of various optical clearing methods, such as, Scale [14] , dibenzyl ether (DBE) in combination with THF, Clarity, et al., it has come true to obtain high resolution neuron structure using various microscopy imaging techniques, which produces significant breakout for the research of neuroscience [19] [20] [21] [22] . In addition, immersion optical clearing shows enormous potential for in vivo optical imaging, diagnosis and therapy. With the skin and cranial optical clearing windows, laser speckle contrast imaging (LSCI) can be applied to image dermal or cortical blood flow at high resolution [23] [24] [25] . Optical coherence tomography (OCT) also shows a great potential for disease diagnosis.
Optical clearing techniques and devices based on mechanical compression could provide major improvements to optical imaging modalities. Research demonstrated use of mechanical compression for image contrast enhancement of optical coherent tomography [6, 7] , or for tissue optical clearing to observe pathological changes in tissue [8, 26] . Topical pressure is applied to temporarily squeeze blood out of the illuminated tissue volume, and the influence of oxy-hemoglobin on the reflection spectra is effectively reduced. After a short optical clearing time the carotenoid absorption becomes easily discernable in a 460-500 nm spectral window and its optical density can be calculated with high accuracy. Thus, a non-invasive rapid determination of skin carotenoid levels can be used to monitor skin carotenoid concentration changes over time in response to carotenoid containing natural or supplemental diets, and is easily adaptable for applications in clinical and field setting.
In summary, localized mechanical compression induces tissue optical clearing in a non-invasive manner without use of exogenous chemicals, which also demonstrate enhance biosensing in some aspects. However, the mechanical pressure makes it impossible for monitoring blood flow. For in vitro optical clearing, chemical optical clearing technique is still an irreplaceable method for imaging deeper tissue.
